The thermomechanical response of electron beam deposited nanoporous silicon dioxide is examined using substrate curvature measurements and nanoindentation. Analysis of the thin film bond angle strain distributions versus temperature indicates that low temperature (T < 100
Introduction
The general consensus of opinion is that there is a need for stable, uniform and inert thin films for semiconductor device passivation and optical coatings. Silicon dioxide has demonstrated itself to be an ideal passivation coating for mainstream silicon based electronics, primarily because of the ability to directly grow it on silicon through thermal oxidation. However, the trend towards lower temperature processing has encouraged extensive research on its low deposition temperature nanoporous polymorphs (np-SiO 2 ) [1] , such as those deposited by electron beam evaporation. Many workers have observed that, when compared with thermally grown SiO 2 , electron beam deposited np-SiO 2 is less dense, not as chemically inert and reactive to moisture [2] . Other undesirable behaviour of silicon dioxide deposited at low temperatures include open-loop stress hysteresis and annealing temperature dependent co-efficient of thermal expansion (CTE) [3, 4] . However, in some applications, such variable properties become a distinct advantage. In principle, one could engineer materials to have specific values of a given parameter (such as CTE). One possibility to 'lock' these properties is to encapsulate the thin films to prevent interaction with the external environment, using a nominally impervious layer such as plasma deposited silicon nitride [5] . Example applications include thermomechanical thin film engineering for adaptive optics with thermally invariant stress characteristics [6] .
The intent of the present work is not to merely report stress hysteresis in and the CTE of electron beam deposited np-SiO 2 . Instead, an attempt has been made to provide a different perspective on the underlying chemical and physical mechanisms behind such behaviour, which traditionally have been attributed to silanol group formation and condensationdiscussed in section 4.1. However, analysis of the bond angle strain distributions of np-SiO 2 versus temperature [7] indicates two different thermally induced mechanisms. For temperatures T < 100
• C, the desorption of hydrogen bonded water is responsible for the observed stress hysteresis and tensioning effects (section 4.2). This is because the bonding disorder is observed to increase, which is indicative of the role hydrogen bonded water plays in relaxing as-deposited bond strains in the thin film structure. For temperatures 100 < T < 300
• C, the increase in bonding order suggests that thermally induced bond angle strain redistributions towards the local bonding environment of quartz and silicon dioxide are responsible for the higher temperature thermomechanical behaviour (section 4.3). This hypothesis is supported by np-SiO 2 CTE data that trend lower with higher annealing temperatures. Given that water absorption is the mechanism behind the thermomechanical behaviour reproducibility of npSiO 2 , encapsulation to retain the annealed characteristics may be possible.
Experiment

Specimens
np-SiO 2 thin films (thickness d ≈ 200 nm) were deposited from fused silica granules onto approximately 0.11 mm thick double-side-polished (1 0 0) silicon substrates, in a Varian 3118 electron beam evaporator at room temperature. Chamber base pressure of 3 × 10 −7 Torr was attained by cryo-pumping, and the deposition rate was set at 1 nms −1 using an Inficon quartz-crystal monitor (filament voltage of 4.18 kV, filament current of 0.026 A, figure-of-8 raster pattern, thin film density ρ = 2.2 g cm −3 ).
Thin film stress curvature measurement
Changes in thin film stress ( σ ) versus temperature (T ) were determined by measuring the change in the curvature { κ (unit m −1 )} of the coated 4 in. diameter silicon substrate. The relationship between κ and σ may be defined through the Stoney approximation [8] :
where E s /(1 − ν s ) is the biaxial modulus of the substrate (180 GPa for (1 0 0) silicon [9] ) and D and d are the thicknesses of the substrate and the thin film, respectively. The Stoney approximation is applicable in cases where there is equi-biaxial loading and d D. A commercial curvature measurement tool (Flexus 2320, Toho Technology Corp., Nagoya JP) was used, in which the specimens were resistively heated. The heating and cooling rates were 1
• C min T 100
• C ( figure 1(b) ). Scatter in κ at each measurement temperature for both specimens was 8 × 10 −4 m −1 .
Nanoindentation
Nanoindentation was used to extract the thin film mechanical properties. The modulus was extracted using the modified multi-point unload technique [10] incorporating a shape correction factor β = 1.034. Measurements were performed on a Nanoindenter(R) XP system (MTS Nano Instruments, Oak Ridge TN) at room temperature using a Berkovich diamond indenter and the continuous stiffness measurement (CSM) technique [11] . The indenter was calibrated to Young's modulus of fused silica (70 GPa) and Al 2 O 3 -TiC (435 GPa), for the maximum indentation depth range 10 h t 1200 nm, using a two-parameter area function (sphere of radius 4.3 nm and a cone angle of 70.9
• ) [12] . The column compliance was set to 0 mN −1 . Figure 2 shows the elastic modulus E versus h t of fused silica from the CSM analysis (assuming Poisson's ratio ν = 0.18). It is clear that the CSM depth profiling data indicates E ≈ 70 GPa with greater scatter as h t → 0. Nonetheless, one can still use the data down to h t = 20 nm when caution is taken. Figure 3 shows (a) σ and (b) κ versus temperature (up to 60
Results
Stress versus temperature
• C) for multiple heating-cooling cycles for npSiO 2 thin film deposited on silicon. This experiment was conducted on two separate occasions a week apart on the same specimen. The specimen was stored in the ambient environment between measurements. Significant thin film open-loop 'stress hysteresis' (i.e. σ = 0 at the end of a heating-cooling sequence) was observed in the first cycle of the first sequence, resulting in thin film 'stress tensioning' ( σ > 0, i.e. the change in σ between the beginning and end of a heating-cooling cycle). The stress tensioning effect is also evident between subsequent consecutive cycles, with κ ∼ = 2 × 10 −3 m −1 between the end of the first cycle and the end of the sequence. It is not plausible to attribute the observed κ to measurement noise and/or drift, since it is much greater than the scatter and drift values found for the silicon and Al 2 O 3 -TiC control specimens (figure 1). Furthermore, the results observed in the first sequence are reproducible, as demonstrated by the second sequence data. The results of figure 3 suggest that not all morphological and stress changes taking place from the thermal cycling experiment up to T = 60
• C are permanent. Reproducible stress hysteresis and stress tensioning effects were observed for the same specimen thermally cycled up to T = 300
• C on two separate occasions a week apart (figure 4). This specimen was also stored in a laboratory environment between measurements. In each cycle, the specimen was heated to an intermediate temperature (increasing from 60, 90, 120, 160, 200
• C), where it was held at the intermediate temperature for 2 h and then cooled to room temperature. Significant stress tensioning was observed during each intermediate temperature anneal for both sequences, and the overall change in stress for both sequences was around +130 MPa. • C) for multiple heating-cooling cycles for a np-SiO 2 thin film deposited on silicon. The data were taken on two separate occasions a week apart on the same specimen. • C) for multiple heating-cooling cycles for a np-SiO 2 thin film deposited on silicon. The data were taken on two separate occasions a week apart on the same specimen.
Nanoindentation
film hardness, since no plateau from the hardness versus h t depth profile characteristic was observed (ruling out elastic contact from non-constant mean contact pressure [13] ) [14] . Three different depth profile elastic modulus models were used to extract the modulus [15] , since the elastic stress fields may extend far beyond the point of contact, resulting in substrate 2). The experimental data were fitted to the Doerner/Nix, King and Gao deconvolution models [15] .
influence on the indentation modulus [14] . They are (a) the Doerner/Nix model:
where E denotes the elastic modulus for a given h t , E f is the thin film elastic modulus, E s is the substrate modulus and α is the fitting parameter; (b) the King model:
where r is the radius of contact for a given h t ; and (c) the Gao model:
where figure 5 , it is evident that these models do not adequately describe the experimental depth profiling data, with the thin film elastic modulus from the Doerner/Nix model (E f ≈ 15 GPa) deficient as h t → 0, the King model (E f ≈ 30 GPa) deficient at higher h t and the Gao model (E f < 0) ineffective throughout the entire h t range. Nonetheless, it is clear from visual estimation that E f ∼ = 35 GPa (for h t → 0) for the npSiO 2 thin film, which is significantly lower than that of fused silica.
In order to evaluate any significant thermally induced changes in np-SiO 2 elastic modulus, CSM nanoindentation (20 h t 800 nm) was also performed on a specimen deposited on silicon that was annealed for 2 h at 300
• C (figure 6). The elastic modulus converges to the elastic modulus of the underlying silicon substrate with deeper h t . No significant changes in the elastic modulus were observed from the averaged (from seven cycles) depth profile plot of figure 6 which, from visual estimation, is around 40 GPa. Together with the stress hysteresis and stress tensioning observations, Figure 6 . CSM indentation elastic modulus results for 20 h t 800 nm of the np-SiO 2 thin films deposited on silicon (assuming ν = 0.2) after a 2 h anneal at T = 300
• C.
these results suggest that thermal annealing of np-SiO 2 up to 300
• C does not produce permanent changes in mechanical properties and by inference thin film morphology.
Co-efficient of thermal expansion
The co-efficient of thermal expansion (CTE) of the npSiO 2 thin film (α f ) was calculated from the stress versus temperature response during cooling from each intermediate anneal temperature (60, 90, 120, 160, 200, 300
• C) to 20
• C (figure 4). A least-squares linear function was fitted to each cooling response (e.g. figure 7 (a) for the first thermal cycling sequence), and the gradient σ cool / T of the function may be expressed as:
where 
Discussion
Silanol group formation and condensation
The overall change in stress from the thermal cycling experiment of +130 MPa (figure 4) is similar to the +160 MPa stress change observed by Thurn and Cook [4] for np-SiO 2 thin films deposited by plasma enhanced chemical vapour deposition (PECVD) onto silicon substrates subjected to thermal cycling up to T = 300
• C in vacuum. The authors proposed the Novak model [17] to explain the stress tensioning effect, where bonded silanol (Si-OH) groups in the thin film are desorbed during heat treatment, causing the resulting Si-O-Si linkages to be strained. It is also possible for Si-OH groups to be formed from Si-O-Si bonds broken by water absorption, resulting in stress reduction over time. However, experimental evidence of this after re-exposure to the ambient was not reported by Thurn and Cook [4] nor by other workers for npSiO 2 thin films deposited by molecular beam deposition [18] and PECVD [3] . Haque and co-workers [19] observed stress relaxation over time for PECVD np-SiO 2 thin films annealed at temperatures up to T = 400
• C, which were stored in ambient at room temperature. The authors suggest that the annealing process does induce some kind of morphological change in np-SiO 2 , from Fourier transform infrared (FTIR) analysis of the position shift and full width half maximum (FWHM) reduction of the Si-O-Si (around 1070 cm −1 ) and Si-OH (around 3500 cm −1 ) stretching absorption modes. This should account for the difference in stress behaviour between the sequences observed in figures 3 and 4.
The reaction pathways for silanol incorporation into PECVD np-SiO 2 thin films were considered by Theil et al [20] . It was proposed that silanol incorporation occurs through two extrinsic processes: (a) residual in vacuo -OH species in the chamber post-deposition and (b) water absorption. Whilst it is unlikely that -OH species are present in the electron beam deposition chamber (post-deposition), the water absorption mechanism merits further discussion given the similar stress tensioning characteristics observed for the electron beam deposited np-SiO 2 thin films, with respect to PECVD np-SiO 2 (figure 4). Water absorption is a well known phenomenon because of the low packing density of thin films deposited at low temperatures [21] . Typical engineering approaches to manage this problem include ex situ annealing post-deposition and/or alternative deposition processes [20, 18] . Briefly, water preferentially reacts with Si-O-Si groups with smaller bond angles [22] , which are more prevalent in np-SiO 2 because of low packing density and greater bond disorder [23] . In many organic materials, this results in a peak position shift to a lower wavenumber for the Si-OH absorption band (from FTIR), with the magnitude of the shift greater for increasing hydrogen interaction [24] and smaller hydrogen bonding (OH· · ·O) bond lengths [17] . Small changes in the OH· · ·O distance have been observed to result in peak shifts up to 50 cm −1 [25] . For np-SiO 2 , the 300 cm −1 position difference of the Si-OH absorption mode (3350-650 cm −1 [26] ) has been attributed to (in increasing wavenumbers) (a) interaction between two nearneighbour silanol groups, (b) isolated silanol interaction with Si-O-Si and (c) hydrogen bonded water (figure 8) [26, 19] . Similarly, the breaking or weakening of the Si-O-Si bond to form two silanol groups or facilitate silanol interaction should result in a positive peak shift of the Si-O-Si absorption mode, since its FWHM represents the distribution of Si-OSi bond angles, with low bond angles associated with the low wavenumber side. Thermal annealing should desorb silanol groups, which reinstates the intrinsic stresses in the thin film, accounting for the stress hysteresis and tensioning observations.
Hydrogen bonded water absorption and desorption
There are significant contradictions, however, that the silanol group formation/condensation model does not adequately address for the electron beam deposited np-SiO 2 thin films. In situ x-ray photoelectron spectroscopy (XPS) of the Si 2p and O 1s photoemission peak FWHMs versus temperature of the npSiO 2 thin films indicates first cycle behaviour up to T = 100
• C which is not repeated during subsequent cycles [7] . Given that the photoemission peak FWHM indicates the distribution of the Si-O-Si bond angles, the first cycle behaviour indicates that the desorption of weakly hydrogen bonded water in the thin film reinstates the in situ deposited bond strains, resulting in greater bond disorder. Figure 9 illustrates the first cycle Figure 9 . Silicon bond angle distributions in np-SiO 2 versus temperature. A higher distribution is indicative of greater bonding disorder, while a lower distribution is vice versa. The bond angle distribution of quartz and thermally grown silicon dioxide at T = 300
• C is also shown for comparison.
behaviour and thermally induced silicon bond angle strain relaxations to create a local bonding environment tending to that of quartz and thermally grown silicon dioxide. Whilst the desorption of water from two near-neighbour silanol groups ( figure 8(a) ) to reinstate a strained Si-O-Si bond may account for the stress tensioning during higher temperature anneals (figure 4), this is unlikely since the local bonding environment is more ordered at higher temperatures. Furthermore, the np-SiO 2 thin film composition did not change with heatingcooling and was similar to that of quartz and thermally grown silicon dioxide [7] . This indicates that stress tensioning is not due to the changing atomic composition from near-neighbour silanol group condensation for electron beam deposited npSiO 2 thin films.
Thermally induced bond angle strain redistributions and CTE changes
It is evident from figure 7(b) that α f reduces with higher annealing temperature. Since this behaviour is reproducible sequence-to-sequence, it indicates that any thermally induced structural reorganization resulting in changes in α f and stress are not permanent. The markedly different CTE behaviour between the first and second experiments for T < 150
• C may still suggest some kind of permanent morphological changes due to heat treatment. The stress of np-SiO 2 postannealing versus time was shown to stabilize only after one month's exposure to ambient [27, 19] . The presence of stress hysteresis and tensioning, even for low annealing temperatures (figure 3), indicates that the apparent α f at low temperatures is dependent on the degree of 'ageing' (water absorption) into the thin film. The degree of bond strain relaxation through water absorption illustrated by the first cycle response of figure 9 was found to be dependent on the ambient exposure time of specimens between thermal cycling measurements [7] . This is compelling evidence that absorption of water occurs through (weak) hydrogen bonding and is responsible for the low temperature stress behaviour of np-SiO 2 . The absorption of water after heat treatment over time to relieve bond strain is responsible for the reproducibility of the stress hysteresis and tensioning observations of figures 3 and 4.
Silanol group condensation may be responsible for the higher temperature (T > 150
• C) stress hysteresis and tensioning behaviour. However, this mechanism is unlikely for the following two reasons:
(a) from a stress hysteresis point of view (figure 3), since the general ageing process is observed to be slow (in the order of weeks), it is even more unlikely that decomposition of strained Si-O-Si bonds would occur over a much shorter timeframe (<1 week) to produce the repeatable CTE characteristics and (b) since the condensation of silanol groups at higher temperatures improves the general bonding order of np-SiO 2 (figure 9), this implies that the formation of silanol groups at low temperatures increases bonding disorder, which is inconsistent with the observed first cycle behaviour attributed to hydrogen bonding.
Therefore, CTE tuneability is proposed to be through bond angle strain redistributions that trends towards thermal oxide and quartz during heat treatment [7] . Given that no appreciable change in modulus is observed after annealing at T = 300
• C (section 3.2), the lower packing density of np-SiO 2 is the main impediment to making the thermally induced morphological changes permanent. This suggests that an encapsulation strategy to prevent water re-absorption post-deposition may allow the np-SiO 2 thin film to retain its annealing temperature dependent CTE properties.
Concept of nanoporosity
Finally, the authors feel that it is necessary to clarify and justify the 'nanoporous' prefix used to describe the morphology of the room temperature electron beam deposited silicon dioxide thin films. The traditional interpretation of porosity is the fraction of voids in a material structure, such as cavities between Type-I metal thin film growth columnar structures [28] and homogeneously distributed holes in porous silicon. For dielectrics, cavities in Type-I columnar growth are evident for thick (typically d 2 µm) thin films, but are generally not visible even under high resolution cross-sectional scanning electron microscopy for thinner coatings-the d ≈ 0.2 µm thick np-SiO 2 thin films being a case in point. Whilst the cavities may be very small for the np-SiO 2 thin films, this is not the primary rationale for the classification.
Instead, given the degree of bonding disorder in the npSiO 2 thin films, as highlighted by in situ XPS, the nanoporosity concept is used to highlight the general reactivity of the npSiO 2 thin films to water through atomic scale interactions such as hydrogen bonding and silanol group condensation. Furthermore, the authors believe that nanoporosity is an appropriate nomenclature to describe the thermally induced stress hysteresis and CTE changes attributed to bond angle strain redistributions.
Summary
The stress versus temperature behaviour of np-SiO 2 deposited by electron beam evaporation at room temperature was determined by measuring the change in substrate curvature from thermal cycling. Thin film elastic modulus, estimated from depth profiling data from CSM nanoindentation, was found to be around 35 GPa. No significant difference in modulus was observed after a 2 h anneal at 300
• C. The thin film CTE α f was calculated versus each intermediate annealing temperature (60, 90, 120, 160, 200 • C) using the cooling response of the stress thermal cycling experiment and the nanoindentation modulus data. It was found that α f reduces with higher annealing temperatures.
Significant open-loop stress hysteresis and stress tensioning were observed from the thermal cycling experiment, which was reproducible run-to-run. This suggests that thermally induced morphological changes in np-SiO 2 are not permanent. The markedly different CTE behaviour runto-run for T < 150
• C was attributed to the degree of ageing (occurring over weeks) and hence the amount of water absorption through hydrogen bonding into the thin film. However, for higher temperatures, reasonable doubt is cast on silanol group formation/condensation being the mechanism behind the observed stress hysteresis and tensioning. Instead, it is proposed that such behaviour is due to thermally induced bond angle strain redistributions, supported by in situ XPS analysis of the Si 2p and O 1s photoemission FWHMs versus temperature. The reproducibility of the open-loop stress behaviour is due to the re-absorption of water into the thin film.
